Abstract Blood coagulation factor XI (FXI) is an established risk factor for acute ischemic stroke (AIS) and thrombosis, but is also needed for normal hemostasis. Contact factor XII (FXII), an upstream activator of FXI, also contributes to experimental stroke, but is not required for hemostasis. We investigated whether selectively inhibiting FXII-mediated FXI activation, while leaving other FXI and FXII functions intact, could improve the outcome of experimental AIS in mice. Twenty-four hours before induction of AIS by placement of a filament into the internal carotid artery for 60 min, mice were anticoagulated with an antibody directed against the apple 2 domain of FXI. This antibody selectively reduces the prothrombotic activation of FXI by FXIIa but does not affect activated FXI or hemostatic activation of FXI by thrombin, thus leaving hemostasis intact in mice and primates. In this model of AIS/ reperfusion injury, mice that received the antibody before AIS displayed less ischemic damage, manifested as reduced cerebral infarction and fibrin deposition (thrombosis), increased cortical reperfusion, and improved neurological behavior. Further, the antibody-anticoagulated mice had no detectable hemostasis impairment. Consistent with the neuroprotective phenotype of FXII-deficient mice, our data suggest that a single molecular event, FXII-mediated FXI activation, contributes to the development of experimental AIS.
Introduction
Acute ischemic stroke (AIS), the clinical manifestation of focal cerebral ischemia, is the leading cause of disability and the third leading cause of death in the USA [1] and is usually caused by the progressive thrombotic or thromboembolic obstruction of cerebral blood vessels. Elective cardiovascular procedures, including angioplasty, stenting, cardioversion, and others, also carry the risk of thrombosis, embolism, and AIS [2, 3] . Thrombi form under flow inside blood vessels only under pathological conditions and are characterized by up to 50-fold increase in the local density of specific blood components (leukocytes, platelets, and fibrin). The Atherosclerosis Risk in Communities Study, encompassing nearly 16,000 individuals, found that higher coagulation factor XI (FXI) levels were associated with an elevated risk of ischemic stroke [4] . Consistent with this, FXI deficiency reduces the incidence of AIS in humans [5] .
Recent observations suggest that thrombotic occlusions in larger blood vessels are supported by the pathological activation of the contact pathway, including activation of factors XII (FXII) and its downstream substrate, FXI [6, 7] . Of these two enzymes, FXI also contributes to normal hemostasis, while FXII has no known role in bleeding control, suggesting a separation of processes that contribute to thrombosis and hemostasis at this molecular level.
Hemostasis is a vital process that relies on an orchestrated series of molecular and cellular events that prevent blood from escaping the vasculature upon injury via the rapid clotting of blood at wound sites. When vessel walls are damaged, tissue factor and exposed extracellular matrix proteins trigger the formation of hemostatic plugs through thrombin generation via the extrinsic pathway of blood coagulation, platelet activation, and fibrin formation [8] .
The feedback activation of FXI by thrombin helps sustain thrombin generation and the formation of a more stable, lysis-resistant hemostatic plug structure [9] . Polyanions, collagen, laminin, bacteria, and other foreign bloodexposed surfaces trigger the activation of FXII to FXIIa, which then cleaves its natural substrates, most notably FXI and plasma prekallikrein (PK; [9, 10] ). Contact activation of blood thus activates FXI and PK, inducing blood coagulation through prothrombotic thrombin generation and promoting inflammation through kallikrein-mediated liberation of bradykinin from high molecular weight kininogen by kallikrein [9, 10] . The catalytic activation of FXI by FXIIa appears to be a response to a pathological event that, at this time, has no known physiological function in vivo. This process is partially replicated during the extreme conditions of the well-established activated partial thromboplastin time (aPTT) test, commonly used in clinical laboratories.
The pathological contribution of FXI to thrombosis has now been established. Men in the upper quintile of the normal distribution for plasma FXI levels have a ∼2-fold increased risk of myocardial infarction compared to those in the lowest quintile [5] . Further, elevated levels of FXI are a risk factor for AIS, while severe FXI deficiency decreases the risk of AIS but is associated with mild bleeding tendencies in humans [5, 11] . In terms of stroke outcome, two recent clinical studies reported that the presence of circulating FXIa is associated with worse prognosis and more severe neurological deficits both acutely (within 72 h) and chronically (average, 36 months) following the cerebrovascular ischemic event [12, 13] . The worse clinical outcomes in FXIa-positive patients were hypothesized to be caused by the reduced elimination of thrombi in blood vessels due to increased clot stability and decreased fibrinolysis.
We have shown that the inhibition of FXI activity or activation is antithrombotic in primates and mice [6, 14] and subsequently demonstrated that administration of a monoclonal antibody, 14E11, which inhibits prothrombotic FXI activation by FXIIa but not hemostatic FXI activation by thrombin, reduces experimental thrombus formation in mice and baboons [15] . Both FXII and FXI contribute to the development of experimental AIS in mice, but it is not known whether the progression of thrombotic AIS is supported by the enzymatic activation of FXI by FXIIa, or whether the two proenzymes independently contribute to the development of AIS.
Currently, the only proven effective pharmacological treatment for AIS-thrombolysis with recombinant tissue plasminogen activator (tPA, Alteplase®, Genentech)-carries with it a risk of fatal intracranial hemorrhage, limiting the number of stroke patients who receive tPA and achieve reperfusion [16, 17] . Antithrombotic prophylaxis with antiplatelet drugs such as aspirin and clopidogrel, and anticoagulants such as heparin, warfarin, or rivaroxaban can reduce the risk of AIS [18] [19] [20] [21] , but these agents also carry a risk of potentially fatal hemorrhagic side effects that constrain their therapeutic potential. If the enzymatic step of FXI activation by FXIIa, which reduced experimental thrombus formation, contributes to the pathogenesis of AIS, it would provide a theoretically safe target for antithrombotic pharmacological interventions for prevention. Thus, we have utilized 14E11, an anticoagulant antibody, to test this hypothesis. This antibody binds to the A2 domain of FXI and inhibits the association between FXI and high molecular weight kininogen (HK), thus limiting the activation of FXI by FXIIa while leaving the thrombin-dependent enzymatic (hemostatic, etc.) functions of FXIa intact [14, 15] .
In the present study, we test the hypothesis that pretreatment with 14E11 will improve neurological outcomes in a mouse model of AIS. We found that the 14E11-pretreated mice exhibited improved cortical reperfusion, which was associated with reduced neurological deficits, infarct size, and fibrin accumulation in the infarcted hemisphere. Our results suggest that contact activation of FXI through FXII has a pathogenetic role in the progression of cerebral ischemia during AIS.
Methods

Treatments
All animal experiments were approved by the Institutional Animal Care and Use Committee. The anticoagulant murine monoclonal anti-factor XI antibody, 14E11, was prepared at Aronora, LLC (Beaverton, OR) as described previously [14, 15] . Twenty-four hours prior to the induction of experimental AIS, isoflurane-anesthetized male C57Bl/6 mice (3 months old; 21-26 g; Charles River Laboratories, Madison, WI) were randomly administered either vehicle [phosphate-buffered saline (PBS)] or 14E11 (2 mg/kg) as a single 185-μL bolus injection through the isolated right femoral vein (N010 in each treatment group). The 14E11 dose was selected based on previous studies that demonstrated the prolongation of the aPTT for several days without affecting the prothrombin time (PT).
Mouse Model of Acute Ischemic Stroke
One day after 14E11 pretreatment, mice were anesthetized with 5 % and maintained with 1.5 % isoflurane in 37 % oxygen, and a transcranial laser Doppler flowmetry (LDF) probe (Moor Instruments Ltd, Oxford, UK) was secured over the right parietal bone to monitor focal changes in cortical perfusion during and after stroke induction [22] . Focal cerebral ischemia was induced by surgical deployment of a filament into the right internal carotid artery (ICA), described elsewhere as LDF-defined "middle cerebral artery occlusion" (MCAO) [22] [23] [24] . In brief, the common carotid artery (CCA) was clamped, and a heat-blunted and surface-coated (Xantopren Comfort Light and hardener mix, Heraeus, Hanau, Germany) 6-0 monofilament nylon surgical suture was advanced retrograde through the right external carotid artery (ECA) into the ICA until more than 75 % reduction in temporal LDF signal was observed. This reduction in relative cortical flow was defined as the start of MCAO. The ECA to MCAO phase of the procedure lasted approximately 5 min. The filament in the ECA was then secured and kept in place for the duration of the MCAO (60 min). If LDF-defined flow increased over 25 % of the baseline during occlusion, the experiment was terminated. In addition to significantly obstructing blood flow to the middle cerebral artery (MCA) region by blocking the bifurcation of the middle and anterior cerebral arteries, deployment of the intraluminal filament acts as a thrombogenic trigger due to vascular injury, flow disturbance, and stasis, as well as from the surface of the filament itself since it is a foreign material. These serve to induce progressive distal thrombogenesis in the MCA region and to expand the infarcted brain volume over time [23] . After allowing disease progression for 60 min, the filament was pulled back, the ECA was ligated, and the CCA clamp was released to repressurize the ICA. The LDF signal was monitored for an additional 15 min to quantify relative reperfusion, then the LDF probe was removed, isoflurane anesthesia was terminated, and the mouse was put back in his cage. The monitoring of the LDF signal during occlusion and at 15 min after the removal of the intraluminal filament (reperfusion) allowed us to determine whether anticoagulation with 14E11 could constrain the progression of distal thrombotic vascular occlusions during MCAO and therefore improve reperfusion immediately following occlusion.
Neurological Performance Evaluation
Following induction of AIS, mice were caged individually, and soft food and liquids were placed near the animals at the bottom of the cage for easy access. In addition, all animals were administered subcutaneous lactated Ringer's solution with 10 % dextrose (1.5 mL total volume daily) for electrolyte/caloric supplement. Neurological performance scores were assessed every morning at the same time using a modified Hara scale (0, no neurological signs; 1, flexion of the contralateral torso; 2, circling to the contralateral side but normal posture at rest; 3, leaning to the contralateral side at rest; 4, responsive but no spontaneous motor activity; 4.5, moribund). Scores were ranked from 0 to 4.5 at intervals of 0.5; animals demonstrating neurological signs between two categories were given an intermediate score [22] . Animals that died were not included in the analysis as the time of death was not available and the cadavers could not be used for reliable histological evaluation. All analyses were performed by researchers blinded to treatment to avoid experimental bias.
Determination of Cerebral Infarct Size
Twenty-four hours following the induction of AIS and immediately following the evaluation of neurological function, animals were sacrificed, and their brains were dissected and sectioned into 2-mm coronal slices. After visually inspecting for macroscopic hemorrhage [22, 24] , sections were stained with 1.5 % 2,3,5-triphenyl tetrazolium chloride (TTC) in PBS, and infarct volumes were evaluated using morphometric analyses. Sections were imaged, and the areas of hemispheres and infarcts were measured using ImageJ software. The measurements were multiplied by the section thickness and summed over the entire brain to yield infarct volumes. Ischemic damage data were calculated using the indirect method to minimize error introduced by edema and were presented as percent infarct0(volume of contralateral hemisphere−volume of non-infarcted tissue of the ipsilateral hemisphere)/(volume of contralateral hemisphere)×100. Analyses were performed by researchers blinded to treatment to avoid experimental bias.
Detection of Fibrin Deposition in the Brain
To evaluate whether FXI activation contributes to the expansion of ischemic damage through contact pathway activation, fibrin accumulation in the harvested brains was determined by Western blot 24 h following MCAO. In brief, following TTC staining for the determination of infarct size, the 2-mm sections of brain tissue were separated into contralateral and ipsilateral hemispheres. Tissue fibrin deposits that serve as evidence of thrombogenesis were isolated [7] , and the fibrin β-chain content was visualized by Western blotting using the fibrin-specific mAb 59D8 (generous gift
Evaluation of Hemostasis
The tail transection test was used for hemostasis assessment as described [22] with a separate group of mice than those used for the stroke studies. Anesthetized mice were administered 185 μL of vehicle (PBS; N011) or 14E11 (2 mg/kg; N012) intravenously. Twenty-four hours later, tail transection (at 1.5-mm tail diameter) was performed, and the bleeding time (visual observation) was recorded.
Since 14E11 inhibits the activation of FXI by the upstream contact factor FXIIa, we used the aPTT clotting test as a performance indicator for the efficacy of 14E11 to disrupt the FXII/FXI contact activation pathway. For clotting assays, mice were euthanized by CO 2 asphyxiation at 24 h following the administration of vehicle (PBS; N011) or 14E11 (N012), and blood was drawn immediately by cardiac puncture into 3.2 % sodium citrate (9:1, v/v) [22] . Plasma was prepared by centrifugation of blood for 3 min at 15,700×g. APTT (test for contactinitiated intrinsic pathway) measurements were performed using an APTT-ES kit (Helena Laboratories, Beaumont, TX), and PT (test for tissue factor-activated extrinsic pathway) measurements were performed using the Dade Innovin PT reagent. Both clotting tests were performed with a KC4 Coagulation Analyzer (Trinity Biotech; Bray, Co Wicklow, Ireland).
Statistical Analysis
Data are presented as means±SEM. Statistical significance between means was determined by the Student's t test. Survival data were analyzed by Kaplan-Meier analysis, and a comparison between the treatment groups was done by the log-rank test. Significance for all statistical tests required p<0.05.
Results
Improvement of Cortical Reperfusion in 14E11-Treated Mice
LDF-defined cortical reperfusion was increased in 14E11-treated mice following MCAO and re-pressurization of the MCA, with perfusion of the parietal cortex restored to >60 % of pre-MCAO baseline values versus 41 % of baseline in nonanticoagulated mice (p<0.05; Table 1 ).
14E11 Pretreatment Improved Neurological Outcomes Following AIS in Mice
As assessed by neurological performance evaluation 24 h after MCAO, all surviving mice displayed signs and symptoms characteristic of AIS, whether treated with 14E11 or untreated. The neurological deficits ranged from circling to complete contralateral hemiparesis or non-responsiveness. Neurological performance scores (Fig. 1a) were significantly better for 14E11-treated mice than for vehicle-treated controls (2.65 ± 0.25 compared with vehicle controls at 4.20±0.12; p<0.001). To determine whether this subacute difference in neurological deficits between treatment groups was sustained over time, a subset of animals was monitored for 7 days following MCAO, with neurological performance assessed daily. The mean daily neurological score was significantly lower in 14E11-pretreated mice on days 2 through 5 post-MCAO (Fig. 2a, p<0 .05 on days 2 through 5). Pretreatment with 14E11 did not decrease mortality following AIS (Fig. 2b) .
Reduction of Infarct Size and Fibrin Deposition Without Intracranial Bleeding in 14E11-Treated Mice
On autopsy and visual examination of the brains, there was little difference in macroscopic gross hemorrhage between the vehicle-treated (2/10) and 14E11-treated (1/10) mice. Morphometric analyses of the TTC-stained brain slices indicated that pretreatment of mice with 14E11 limited the expansion of the ischemic damage beyond the infarct core that was present in all animals that were sacrificed at 24 h post-MCAO (Fig. 1b) . Infarct volumes of the 14E11-treated mice were 20.8±8 % compared with vehicle controls at 37.7 ±5 % (p<0.05). There was significantly more relative fibrin deposition in the vehicle-treated mice (ratio of ipsilateral to contralateral hemisphere fibrin band density 03.1 ± 0.41) versus the 14E11-treated mice (1.6±0.22; p<0.05).
Anticoagulation by 14E11 Without Hemostasis Impairment
Compared to vehicle-treated controls, the aPTT of plasma was prolonged by >2.5-fold at 24 h following 14E11 administration (Fig. 3a) . The aPTT of 14E11-treated mice remained prolonged for at least 2 days (data not shown). As expected, the antibody had no effect on the FXII-independent PT test (Fig. 3b) . Tail bleeding times in 14E11-treated mice were comparable to vehicle-treated mice (Fig. 4) , suggesting that the administration of 14E11 does not significantly impair primary hemostasis.
Discussion
Here, we report for the first time that selectively inhibiting the FXII-dependent contact activation of FXI without blocking the hemostatic activation of FXI by thrombin limits damage from MCAO-initiated AIS. To target and prevent the activation of FXI by its upstream activator FXIIa, we used 14E11, an antithrombotic monoclonal antibody directed against the A2 domain of mammalian FXI. Mice that were pretreated with 14E11 exhibited improved LDFdefined cortical perfusion after removal of the filament from the MCA, reduced fibrin deposition in blood vessels, smaller infarct sizes, and, importantly, reduced neurological deficits. Consistent with the known anticoagulant and antithrombotic effects of 14E11, fibrin accumulation was significantly decreased in the infarcted hemisphere of 14E11-pretreated animals compared to vehicle-treated controls. Direct causality between these observed differences cannot be determined at this juncture. However, we speculate that reduced fibrin deposition results, in theory, in better Mice that were anticoagulated with 14E11 had better neurological performance scores 24 h after AIS than vehicle-treated mice, as assessed using the modified Hara scale of neurological deficit evaluation in mice [21] . b 14E11-treated mice exhibited significantly smaller infarcts than their vehicle-treated counterparts as assessed with TTC staining of the brains 1 day after AIS. c There was more fibrin trapped in the ischemic hemisphere in both vehicle-and 14E11-treated groups. Quantitative immunoblotting showed 48 % less fibrin accumulation in the ischemic hemisphere of 14E11-treated mice compared to vehicle controls. Ipsi ipsilateral (infarcted hemisphere), Cont contralateral hemisphere (n03 to 4). Values are mean±SEM, n010 for each group, unless noted otherwise, *p< 0.05; **p<0.01; ***p<0.001 versus vehicle controls maintenance of tissue perfusion outside the margins of the ischemic core during MCAO, reduced spatial thrombotic progression of ischemia and infarction into the penumbra and therefore better outcomes. As expected, 14E11 treatment did not induce a detectable effect on hemostasis as defined by the tail bleeding test. The use of antithrombotic agents, whether targeting platelets (e.g., aspirin and clopidogrel) or blood coagulation (e.g., heparin, warfarin, and rivaroxaban), is a rational causal approach to both the prevention and treatment of AIS. In prevention, they have been shown to produce overall benefit by reducing the incidence of AIS in high-risk patient populations. However, despite relentless efforts and numerous clinical trials with antithrombotic agents and protocols to treat AIS, many approaches have failed primarily due to serious bleeding side Fig. 2 Benefits of anticoagulation on neurological outcomes are sustained for at least 7 days following AIS. a Neurological performance was scored daily for 7 days after AIS in one anticoagulated (14E11-treated) and one non-anticoagulated (control) groups of mice, beginning at 24 h after stroke initiation. The neurological performance scores of the first day after stroke appeared to be sustained in surviving mice. There was no trend for improvement or worsening of the neurological performance in those animals that survived for 7 days. b The 7-day survival benefit for 14E11 did not reach statistical significance (Kaplan-Meier analysis, log-rank test). Values are mean±SEM, n07-15, *p<0.05 versus vehicle effects, including hemorrhagic transformation and intracerebral hemorrhage, that outweigh the antithrombotic benefit [18] [19] [20] [21] 25] . The most recent rational strategy to inhibit thrombogenesis in stroke involves identifying and targeting those prothrombotic functions of platelets and coagulation factors that are not essential for hemostasis. In particular, experimental data have now confirmed that at least two components of the contact activation enzyme-cofactor complex (FXII and prekallikrein) contribute to pathological intravascular coagulation (thrombosis) without playing a demonstrable role in hemostasis. FXI is also prothrombotic in its contribution to hemostasis and has been shown to be associated with worse clinical outcomes acutely and chronically following ischemic stroke [12, 13] . Selective targeting of the FXI and/or FXII gene in mice and induction of experimental FXI or FXII deficiency reduce thrombogenic responses in various thrombosis models, including AIS [14, [26] [27] [28] [29] [30] . Importantly, FXI deficiency reduces the incidence of AIS in humans [5] , and selective FXI inhibitors also reduce thrombus size in experimental thrombosis [6, 14, 31] in rabbit and nonhuman primate models, suggesting that blocking or downregulating FXI activity or expression could be an efficacious antithrombotic approach. Indeed, administration of anti-factor XI antibodies both intravenously and systemically produced a dramatic increase in endogenous thrombolysis in a rabbit thrombosis model [32] . However, severe FXI deficiency ("hemophilia C"; FXI activity levels <15 U/dL) and/or acquired factor XI inhibitors are rare but well-established bleeding disorders that can be severe on occasion in humans [11] . Thus, pharmacologically blocking FXI activity inherently carries a risk of bleeding. In contrast, inherited FXII deficiency has no known negative hemostatic consequences in humans, and its inhibition or absence has been demonstrated to protect against pathological thrombosis in a mouse model of ischemic brain injury without affecting primary hemostasis. Therefore, selectively blocking a single enzymatic step, prothrombotic FXIIamediated FXI activation, without interfering with the prohemostatic, thrombin-mediated activation of FXI or interfering with other potential functions of FXIIa that are independent of FXI may represent the most specific, and presumably safest, antithrombotic strategy [33] .
The data obtained in this study lend credence to the hypothesis that FXIIa-dependent FXI activation contributes to the pathogenesis of AIS since 14E11 administration led to significantly smaller infarcts and better neurological function for up to 7 days compared to vehicle controls after temporal MCAO. These improved outcomes were associated with increased cortical perfusion after a 60-min-long MCAO in 14E11-pretreated mice, suggesting that distal occlusions and the resulting expansion of ischemia during proximal mechanical occlusion of the MCA were mediated at least in part by the activation of FXI by FXIIa and progressive blood clotting in the distal blood vessels of the ischemic hemisphere. As expected, 14E11 did not cause demonstrable impairment of hemostasis as measured by the tail bleeding test, which is in direct contrast with a neuroprotective dose of tPA in the same assay [22] .
Blocking FXIIa (or plasma kallikrein) directly could presumably reduce prothrombotic activity, bradykininmediated vasoregulatory, and potentially other enzymatic and proinflammatory activities of the contact system, which may or may not contribute to the pathology of thrombosis and hemostasis. However, by using FXII-deficient mice and an enzyme inhibitor that blocks FXIIa as well as kallikrein, among other proteases, Kleinschnitz et al. (2006) have demonstrated that one or more FXIIa activities positively contribute to cerebrovascular fibrin formation and cerebral ischemia in the intraluminal filament-induced AIS model. Our results show that 14E11-pretreated mice have significantly less fibrin accumulation in the infarcted hemisphere, indicating that the intravascular fibrin clot formation, which may be responsible in part for the progressive spatial expansion of ischemic damage in untreated controls, was limited by the inhibition of contact activation of FXI, leading to reduced thrombus formation and less extensive ischemia. Thus, we have demonstrated here that FXIIa-mediated FXI activation is important for the development of AIS and maintenance of prothrombotic thrombin generation during MCA occlusion in the MCAO model. Whether inhibiting FXII-mediated activation of FXI after the start of focal ischemia, before or after completion of the stroke, with or without subsequent reperfusion, would improve neurological and other outcomes remains to be evaluated. However, infarct size is time-dependent and expands in this model, likely due to continued occlusive thrombogenesis around the ischemic core caused by the initial mechanical blood flow restriction. Thus, inhibiting FXI activation at or shortly following stroke onset could still prove to be efficacious in limiting the growth of the thrombus since FXI is needed for the maintenance of thrombin generation. Thus, we anticipate that 14E11 or other compounds that selectively interfere with the association of FXI with HK could be safe anticoagulants that may have utility in both the prevention and treatment of AIS.
In summary, our current data demonstrate a critical role for FXIIa-mediated FXI activation in the progression of cerebral infarction in a mouse model of AIS. Thus, we propose that the targeted inhibition of FXIIa-catalyzed FXI activation is a potential antithrombotic approach in AIS that comes without secondary bleeding side effects.
Conflicts of Interest Oregon Health & Science University (OHSU) and Vanderbilt University have been seeking patent protection for the monoclonal antibody 14E11 that has been out-licensed to Aronora, LLC, an Oregon company, and these institutions. The authors AG, DG, PYL, EIT, and NGV have a potential financial interest in its commercial development.
